OBJECTIVE -This randomized, four-arm, placebo-controlled, dose-ranging phase 2 trial was conducted to determine whether repeated subcutaneous injections of the altered peptide ligand, NBI-6024, designed to inhibit autoreactive T-cells, improves ␤-cell function in patients with recently diagnosed type 1 diabetes.
T ype 1 diabetes results from a T-cellmediated autoimmune attack against the insulin-producing cells of the pancreatic islets (1-3). There is no curative treatment available to control these autoreactive T-cells, rendering the patients dependent on insulin injections for normoglycemia. A treatment that could stop or reduce autoimmune destruction of pancreatic ␤-cells would be a major advance in diabetes treatment and could potentially prevent diabetes in individuals genetically predisposed to developing the disease (4) .
There is potential to target specific populations of autoreactive T-cells by identifying the dominant antigens responsible for their activation and producing a soluble altered peptide ligand (APL) to block or change this response. The insulin B (9-23) peptide has been shown to be an important antigen of T-cells in autoimmune diabetes in animals and humans (5) . NBI-6024 is an APL and contains two natural L-amino acid substitutions in the (9-23) sequence of the Bchain of insulin. Alanine is substituted for tyrosine at position 16, which is a key contact site at the T-cell receptor and at position 19 for cysteine. The resulting APL (Ala 16, 19 ), known as NBI-6024, does not activate insulin B (9-23)-reactive murine or human T-cells (6) . Nonobese diabetic mice treated with NBI-6024 are protected from developing diabetes, even though other T-cells with different antigenic specificities were present, suggesting that the immune response induced by the APL may regulate pathogenic T-cells through the production of regulatory cytokines such as interleukin-4 (6).
Preliminary results of three studies in adult male patients with type 1 diabetes had indicated that NBI-6024 administration is safe and well tolerated (7, 8) . To investigate the pharmacological potential of NBI-6024 to improve ␤-cell function, a multicenter, randomized, four-arm, placebo-controlled phase 2 trial was performed. The primary objective of the trial was to assess the effect of repeated administrations of NBI-6024 on endogenous insulin production as measured by C-peptide concentration in adult and adolescent patients with recent-onset type 1 diabetes. Insulin usage, glycemic control, and immune function were also assessed.
RESEARCH DESIGN AND
METHODS -Patients with recentonset type 1 diabetes were selected according to the following criteria: age 10 -17 years (adolescent group) or 18 -35 years (adult group), symptom duration for no longer than 6 months, treatment with insulin for Ͻ3 months, positive result on testing for islet autoantibodies (anti-GAD antibodies or anti-islet cell [ICA512] antibodies or anti-insulin antibodies provided that the patient had not been receiving insulin therapy for Ͼ2
weeks), stimulated C-peptide peak concentration between 0.4 and 3.0 pmol/ml, BMI Ͻ28 kg/m 2 , laboratory and electrocardiogram results within normal ranges, and compliance with insulin treatment. Pregnant or lactating women were excluded, and female patients with childbearing potential had to practice an acceptable contraceptive technique from 30 days before enrollment until 30 days after the last dose of study drug. Written informed consent was obtained from each patient. The trial was approved by the ethics committee at each center.
Study centers
A total of 22 centers participated in the study including six centers in South Africa (103 patients randomized), one in the U.K. (three patients), two in the Czech Republic (23 patients), four in Spain (10 patients), one in Finland (5 patients), two in Germany (33 patients), four in Canada (9 patients), and two in France (2 patients).
Study design
The trial was performed as a phase 2, multicenter, randomized, double-blind, placebo-controlled, parallel, dose-ranging study between 2001 and 2006. Of 266 patients screened, a total of 188 patients were randomly assigned, including 111 adolescents (Fig. 1) . Eligible patients were randomly assigned in a 1:1:1:1 ratio to one of the following treatments: 0.1 mg NBI-6024 (n ϭ 50), 0.5 mg NBI-6024 (n ϭ 48), 1 mg NBI-6024 (n ϭ 43), or placebo (n ϭ 47). On day 1, patients received their first dose of study drug and were discharged ϳ2 h postdose at the discretion of the investigator. The study drug was administered subcutaneously for a total of 26 times over a 24-month period. The first three doses were administered every 2 weeks (induction phase); all subsequent dosing occurred monthly (maintenance phase). Dose and dosing frequency were selected after considering immune efficacy and tolerability in animal studies. Patients returned to the study center to receive the study drug and have efficacy and safety assessments performed. Patients continued with their normal insulin regimen throughout the study, unless changes were clinically indicated. To avoid possible confounding through differences in glycemic control among the groups, diabetes management and glycemic targets were standardized as much as possible in all patients. Patients with A1C levels Ͼ8% had additional contacts with the investigator to improve their metabolic control. All patients were treated with intensive insulin therapy.
End point assessments
The primary efficacy variable was the 2-h peak C-peptide level at 24 months. A mixed-meal tolerance test (Boost High Protein from Novartis in an amount of 6 ml/kg body weight, up to 360 ml) was administered to collect stimulated Cpeptide samples (0, 30, 60, 90, and 120 min) every 3 months and at the follow-up visit. Secondary efficacy variables were the area under the curve (AUC 0 -120 min ), C-peptide at 24 months, the prescribed insulin usage and glycemic control, assessed by A1C levels, and the hypo-and hyperglycemic events documented in the patient's diary. C-peptide concentrations and A1C were measured at a central laboratory (ICON Central Laboratories, Farmingdale, NY) with a radioimmunoassay (Diagnostic Systems Laboratories) and high-pressure liquid chromatography, respectively. The reported interassay coefficient of variation of the C-peptide assay is 5.3% at a concentration of 0.55 nmol/l and the lower limit of detection is 0.03 nmol/l. Safety parameters and hypoglycemic events Safety parameters included vital signs (body temperature, supine heart rate, and blood pressure) before and 1 h after study drug administration, laboratory tests (hematology, clinical chemistry, and urinalysis with microscopy), and quarterly physical examinations as well as an electrocardiogram and documentation of adverse events and concomitant medication. Hypoglycemic events were defined as any blood glucose level Ͻ50 mg/dl (3 mmol/l) with or without typical symptoms or typical symptoms if the blood glucose level was Ն50 mg/dl. If the patient required intervention by another person, the event was defined as a "major hypoglycemic event."
Immune markers CD4 and CD8 T-cell numbers were measured by flow cytometry on whole blood using a standard protocol at a central laboratory (ICON Central Laboratories, Dublin, Ireland). Antibodies to insulin, GAD65, and IA-2 were measured by ICON Central Laboratories (Farmingdale, NY) using radiobinding assays (Kronus, Boise, ID) according to the manufacturer's instructions.
Statistical methods
All data are summarized by treatment group. All randomly assigned patients were included in the modified intent-to treat (ITT) population. All randomly assigned patients who had taken at least one dose of study drug and had some postbaseline data for the primary efficacy parameter (2-h peak C-peptide) were included in this population. The efficacy evaluable population included patients in the ITT population who received at least 13 doses and did not have any major protocol deviations. The safety population was defined as all randomly assigned patients who received at least one dose of study drug. All hypotheses testing was two-sided and performed at the 5% significance level.
RESULTS -Of 188 patients who were randomly assigned, 168 completed the study (Fig. 1) . The 20 patients who dropped out of the study included 12 who withdrew consent, 3 who had an adverse event, 2 who became pregnant, and 3 who discontinued for other reasons. The four treatment groups were similar in terms of age, duration of disease, ethnicity, and baseline C-peptide concentrations (Table 1) .
Safety parameters
Adverse events reported by Ն10% of patients were upper respiratory tract infection, nasopharyngitis, headache, pharyngitis, influenza, nausea, rhinitis, and vomiting. There was no clear pattern of relationship between dose, occurrence, and frequency of adverse events. The frequencies of adverse events in the NBI-6024 treatment groups and the placebo group were comparable. There was no clinically significant change in laboratory or vital sign parameters. Overall, 39 (20.7%) patients were reported as experiencing at least one serious adverse event; none of the serious adverse events was considered to be drug-related.
Efficacy parameters
The mean peak C-peptide value at month 24 and the change in the mean values from baseline to month 24 were comparable in the NBI-6024 treatment groups and the placebo group in the ITT as well as the efficacy evaluable population (ITT population mean peak C-peptide at 24 months: 0.1 mg, 0.39 pmol/ml; 0.5 mg, 0.39 pmol/ml; 1 mg, 0.33 pmol/ml; and placebo, 0.39 pmol/ml; P ϭ 0.4, 0.3, and 0.6) (Fig. 2) . Similarly, the mean AUCs of 
Figure 2-Mean fasting C-peptide levels (for all subjects [A]) and mean peak C-peptide levels (all subjects [B], adolescents [C], and adults [D])after mixed-meal stimulation in the four treatment groups . No significant difference in C-peptide levels was observed among treatment groups. The decline in C-peptide secretion from baseline to 24 months was similar between adolescent patients and adults.
C-peptide at baseline and at month 24 in the NBI-6024 treatment groups and in the placebo group were comparable ( Table  2 ). The average daily insulin doses needed at 24 months were 47.8 Ϯ 20.4, 57.2 Ϯ 36.5, and 51.6 Ϯ 21.8 IU in the 0.1, 0.5, and 1 mg NBI-6024 treatment groups, respectively, and 47.3 Ϯ 17.6 IU in the placebo group (P ϭ 0.9, 0.05, and 0.2) ( (Fig. 3) . The percentages of patients who reached an A1C Ͻ7% at 24 months were 34, 32, 35, and 29% in the NBI-6024 treatment groups and the placebo group, respectively (P ϭ 0.6, 0.9, and 0.6). When the analysis was stratified by age, no significant difference was found for peak C-peptide at month 24 or for the decline in peak C-peptide from baseline to 24 months between adolescent patients and adults (Fig. 2) . Furthermore, there was no effect of sex or ethnicity.
Hypoglycemic events
Most hypoglycemic events were deemed to be minor events. A pairwise treatment comparison showed no statistically significant difference between NBI-6024 treatment groups compared with placebo in the monthly rate of hypoglycemic events (monthly rate: 0.1 mg, 1.9 Ϯ 2.0; 0.5 mg, 1.7 Ϯ 1.5; 1 mg, 1.9 Ϯ 1.6; and placebo 1.8 Ϯ 2.4; P ϭ 0.6, 0.3, and 0.4). Approximately 9% of patients experienced a major hypoglycemic event during this study; these patients were evenly distributed across treatment groups.
Immune function parameters
Insulin antibodies increased in concentration from the baseline visit to month 1 and remained stable thereafter in all groups. No differences in antibodies to insulin, GAD65, and IA-2 were observed between treatment and placebo groups at all study visits (supplementary Figure S1 , available in an online appendix at http://care.diabetesjournals. org/cgi/content/full/dc09-0449/DC1). No differences were observed for CD4 and CD8 peripheral blood T-cell numbers between treatment and placebo groups (supplementary Figure S2 ).
CONCLUSIONS -F o r t h e fi r s t time, an APL was used for treatment of autoimmune diabetes in a trial that included 188 patients with recent-onset disease. The APL NBI-6024, at the doses studied, was well tolerated. There were no significant safety issues, and most adverse events were considered mild or moderate and unrelated or not likely to be related to the study drug. The frequency of injection site reactions, a surrogate marker of immunoreactivity, was comparable among placebo and active treatment groups. Treatment with NBI-6024 at the doses studied, however, provided no protection against the decline of ␤-cell function after diabetes onset, as measured by fasting or stimulated C-peptide. Moreover, NBI-6024 did not cause significant changes in insulin requirement, metabolic control, hypoglycemic and hyperglycemic events, autoantibody concentrations, or CD4 and CD8 T-cell numbers.
The NBI-6024 clinical trial was an intensively monitored intervention study that collected data on C-peptide, glucose, and A1C every 3 months for 24 months with central measurement of these variables. It provided a detailed natural history of ␤-cell function after diabetes onset in unprecedented numbers of well characterized and selected adolescents and adults with recent-onset type 1 diabetes. One limitation of the current trial is that no T-cell response data were obtained to verify an immunological effect at the doses given. However, the study included three doses over a 10-fold range, which had previously been shown to cause Tcell unresponsiveness (7, 8) . The lack of response may reflect a fundamental defect in the proposed mechanism of action or inadequacy of exposure (dose), frequency, or timing of the investigational drug.
With respect to the natural history of ␤-cell function, the study suggests a linear continuous decline of ␤-cell function over Data are n or means Ϯ SD (pmol ϫ min/ml). a period of 2 years after disease onset. The rate of decline was similar between adolescents and adults with slope estimates of Ϫ0.034 and Ϫ0.031, respectively, for peak C-peptide values. All three parameters of ␤-cell function examined (fasting C-peptide, peak C-peptide, and AUC of C-peptide response) in the mixed-meal test showed similar declines with an overall loss of ϳ30% by 12 months of follow-up and 60% by 24 months of followup. These data are likely to be useful as reference for other trials and for future trial planning. For comparison, there was a 50 -60% decline in fasting and stimulated C-peptide concentrations within 21 months in the recently reported GADalum vaccination trial in patients aged 10 -18 years (9) . In summary, this study failed to demonstrate efficacy of APL treatment in patients at the stage of overt disease. The continuous decline of ␤-cell function after onset, however, provides important data for design and validation of future clinical trials in patients with type 1 diabetes and confirms the need for novel treatment strategies (10) to reduce this progressive ␤-cell loss.
